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Abstract Nanoparticles exhibit a decrease in sintering and
melting temperature with decreasing particle size in compari-
son to the corresponding bulk material. After melting or
sintering of the nanoparticles, the material behaves like the
bulk material. Therefore, high-strength and temperature-
resistant joints can be produced at low temperatures, which
is of big interest for various joining tasks. Joints (substrate:
Cu) were prepared with an Ag nanoparticle-containing paste.
The influence of the adjustable process parameters joining
pressure, joining temperature, holding time, heating rate,
thickness of paste application, surface treatment, pre-drying
process, and subsequent heat treatment on the strength behav-
ior of the joints was investigated. It is shown that in particular,
the joining pressure exerts an essential influence on the
achievable strengths. In addition, temperature, holding time,
and thickness of paste application have a significant effect on
strength behavior. In contrast, the pre-drying process, heating
rate, surface pre-treatment, and subsequent heat treatment pos-
sess hardly any influence on joint strength.
Keywords (IIW Thesaurus) Induction brazing .
Nanomaterials . Brazing fillers . Process variants . Low
temperature . Silver
1 Introduction
Due to the large specific surface area (high surface-to-
volume ratio), nanoparticles exhibit a decrease in sintering
and melting temperature with decreasing particle size,
Fig. 1. This effect, which had been theoretically predicted
already in 1909 by Pawlow [4, 5] and experimentally
verified since the 1950s [6–8], was technically imple-
mented only a few years ago and is now the subject of
intense research. Especially in the area of microelectron-
ics, many research papers deal with printing and sintering
of electrically conductive structures with nanoparticle inks
[9–12]. But the utilization of this effect is also of great
interest for joining technologies [13], because after melt-
ing of the nanoparticles, the material behaves like the bulk
material. Thus, high-strength and temperature-resistant
joints can be produced at low temperatures. This results
in a high potential for various joining processes. Previous
publications only concern with joining of components in
power electronics. Especially, joining with nanoparticles
as a substitute for soldered joints, which tend to form
cracks during thermal cycling, was investigated [14–25].
Nevertheless, there is a much greater potential for joining
with nanoparticles. A possible application is the joining of
high-performance materials, respectively, materials with
adapted and optimized microstructure. With low joining
temperatures, structural damages of the substrates, e.g.,
abnormal grain growth or undesirable phase transforma-
tion, can be avoided. The utilization of this effect would
be also of great interest for the joining of materials with
different coefficients of thermal expansion such as
carbide-metal joints and ceramic-metal joints, to reduce
the often critical thermally induced residual stresses of
the joints. There is also an increasing demand for novel
hybrid compound joints, for example, between fiber-
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reinforced composites and metals, where low joining tem-
peratures are required. The list of possible applications
could be extended further. This demonstrates the great
potential of joining with nanoparticles for highly stressed
structural components as an alternative for brazing
processes.
The principal aim of previous studies in the field of power
electronics was to reduce the temperature and the necessary
pressure, because electronic components have only a limited
thermal and mechanical loading capacity. However, with re-
gard to a possible alternative for brazing processes, these pa-
rameters are less critical. For brazed joints, especially the
resulting strength is of crucial importance. Therefore, in the
present study, significantly higher pressures and temperatures
are used to investigate whether joining with nanoparticles
could be a possible alternative for brazing processes. In addi-
tion, in previous publications, only the parameter temperature,
pressure, holding time, and particle size were varied and in-
vestigated. However, the quality of joints is influenced by a
complex interplay of much more process parameters, most of
which are systematically examined in the present work. The
objective is to provide a basis for a fundamental understanding
of this novel joining process. Besides temperature, pressure
and holding time, heating rate, thickness of paste application,
different surface pre-treatments of the substrates, a pre-drying
process, as well as a subsequent heat treatment are
investigated.
2 Experimental
A commercially available Ag nanopaste of the company
Harima Chemicals, Inc. (Japan) was used for the experiments.
Conventionally, this nanopaste is used in microelectronics for
printing and sintering of electrically conductive structures [11,
12]. The composition of the nanopaste with the company
name NPS is shown in Table 1. With this spreadable paste,
an application similar to conventional solder- or brazing
pastes is possible. The paste has a very high particle content
of 81.8 wt%, which is advantageous for joints with low po-
rosity. The nanoparticles are suspended in solvents and
through the addition of dispersing agents surrounded with an
organic shell, Fig. 2. This organic shell leads to strong repul-
sive forces between the particles, so that agglomeration can be
avoided [14, 26, 27].
The shape, distribution, and size of the nanoparticles
were determined using transmission electron microscopy
(TEM, Hitachi H8100). The thermal behavior of the
nanopaste was characterized by simultaneous thermal
analysis (STA 409C, Netzsch Gerätebau GmbH). The
analyses were carried out in air and argon with a heating
rate of 10 K/min. The heating was performed from room
temperature to 500 °C, followed by cooling (10 K/min)
back to room temperature (Table 2a). In order to exclude
possible post-reactions, further analyses were carried out
with a second run-up to 1000 °C (Table 2b).
Fig. 1 Literature values for the experimental determination of the
melting point of silver nanoparticles depending on the particle size [1–3]
Table 1 Composition of the Ag nanopaste (manufacturer’s
specification)
Particle size 8–15 nm (mean diameter 12 nm)
Metal content 81.8 wt%
Organic substances 1-Decanol 1–2 wt%
Petroleum hydrocarbon 2.5–3.5 wt%
Dispersant A 6–10 wt%
Dispersant B 1–3 wt%
Additives A 2–3 wt%
Additives B 0.8–1.5 wt%
Fig. 2 Schematic figure of a nanoparticle with organic shell
Table 2 Analysis conditions of the STA studies
a) Standard analysis b) Analysis with two runs
First run Second run
Heating rate 10 K/min 10 K/min 10 K/min
Maximum temperature 500 °C 500 °C 1000 °C
Cooling rate 10 K/min 10 K/min 10 K/min
Atmosphere Air and Argon Air Air
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The determination of the tensile shear strength was per-
formed using the sample geometry shown in Fig. 3. Pure
copper (EN: Cu-ETP, DIN material number 2.0060) was used
as substrate with a joining area of 9.0 mm × 7.5 mm. When
joining with nanoparticle-containing suspensions, the applica-
tion of pressure during the joining process is necessary to
achieve a dense microstructure of the joints with good
strengths [28]. Therefore, a modified hydraulic press was used
for the joining experiments, Fig. 4. The heating of the samples
was carried out in air by means of induction. The desired
pressure was applied on the entire joining surface of the sam-
ple with a punch, Fig. 4. Table 3 shows the process parameters
that were varied during the experiments. Reference samples
with defined parameters were prepared. Based on these refer-
ence samples, one parameter was changed, while the others
were held constant, Table 3. The surface pre-treatment of all
samples consisted of grinding, up to grain size 400, and
degreasing in acetone. Further variations of surface pre-
treatment included polishing, up to 1200, blasting with
Al2O3 (d = 0.5 mm, 1 bar), pickling using ammonium
persulphate (50 °C, 30 s) and the deposition of a Ag coating
bymeans of physical vapor deposition (PVD). For pre-drying,
the samples with the applied nanopaste were dried in air for
4 min at a temperature of 100 °C prior to the joining process.
For the subsequent heat treatment, the samples were heat-
treated without pressure for 20 min at a temperature of
300 °C in a muffle furnace in air after the joining process.
The examination of all tensile specimens—at least five in-
dividual samples per varied parameter—was performed with a
universal tensile testing machine Zwick/Roell Z020 at room
temperature and a strain rate of 10−3 s−1.
Furthermore, the porosity of the joints was measured by
digital image analysis. For each sample, 10 SEM images
across the entire joining seam were captured. The porosity
was evaluated with the software BStream Motion^ by means
of the threshold method.
3 Results and discussion
3.1 TEM investigations
Figure 5 shows transmission electron micrographs of the
nanoparticles and the particle size distribution. The nanopar-
ticles are homogeneously distributed. The size of the spherical
particles was determined by measuring 1000 particles of dif-
ferent micrographs. The particle size distribution has a maxi-
mum of 6–7 nm, Fig. 5.
3.2 STA investigations
The thermal behavior of the Ag nanopaste was investi-
gated by simultaneous thermal analysis (STA). Figure 6
shows a typical differential scanning calorimetry (DSC)
Fig. 3 Sample geometry
Fig. 4 Schematic figure of the
joining system
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and thermogravimetry (TG) curve of the paste. The anal-
ysis was carried out in air. Between 250 and 450 °C, the
DSC curve shows two exothermic peaks, which can be
assigned to the gradual decomposition and later oxida-
tion of the stabilizer molecules attached to the silver
surface [29]. The TG curve first shows a strong mass
loss up to about 275 °C. This area can be assigned pre-
dominantly to the evaporation of the solvents of the
paste. In the area of the exothermic peaks, the TG curve shows
a linear decrease, which corresponds to the removal of
Table 3 Varied process parameters
Pressure Temperature Holding time Heating rate Thickness of paste
application
Surface treatment Extra
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Fig. 5 TEM image of the
nanoparticles and particle size
distribution of the nanopaste
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the organic shell of the nanoparticles. After the oxidative
decomposition of the organic shell, the nanoparticles
almost spontaneously sinter and/or melt due to the high
specific surface energy [14, 27, 29].
Silver nanoparticles with a size of 6 nm—which corre-
sponds to the maximum of the particle size distribution
(Fig. 5)—exhibit a melting temperature of about 450 °C
(Fig. 1). However, the decomposition temperature of the or-
ganic shell of the particles is of vital importance as to
whether a melting process actually occurs. According to the
STA investigations (Fig. 6), the organic shells are removed
already at about 410 °C, which is below the melting temper-
ature of most particles (Fig. 5). With removal of the shells, the
nanoparticles are no longer stabilized resp. protected. Due to
their high reactivity and the additional thermal activation, the
nanoparticles will sinter below their melting temperature.
Accordingly, it is considered that especially sintering process-
es take place to reduce the surface energy of the particles.
However, it cannot be excluded that with smaller particles,
which are demonstrably present in the paste (Fig. 5), melting
processes occur. In this context, it must be assumed that small
particles exist only for a very short time in the liquid state:
particles can only melt together up to a certain size, before the
effect of the reduced melting temperature vanishes. If the sur-
face effect is Bconsumed,^ the particles most likely solidify
spontaneously accompanied by sintering processes.
Accordingly, it is postulated that the minimization of the sur-
face energy of the nanoparticles is a combination of melting
and sintering whereby the sintering process is of major
relevance.
Correspondingly, subsequent SEM analyses of the
DSC samples (Fig. 6) show that after the analysis, a
sintered structure with an average grain size of about
1.3 μm has developed.
Figure 7 shows the DSC and TG curves of an STA analysis,
in which, after the first heating in air, the sample was cooled
down to room temperature, before a second run-up was per-
formed. The second heating procedure was carried out up to a
temperature of 1000 °C, also in air. With the second STA run,
it was intended to investigate whether post-reactions take
place such as further evaporation of solvents or thermal reac-
tions of the nanoparticles. The DSC curve of the second run
shows that no suchlike effects take place at low temperatures.
Also, a further mass loss was not observed. The DSC curve of
the second heating process shows a clear endothermic melting
peak at a temperature of 962 °C, which corresponds to the
values of the melting temperature of silver given in the litera-
ture. Thus, it is shown that the reactions of the first STA run
have completely occurred. The sintered material possesses
now the thermal properties of the bulk material.
STA investigations were also performed in argon,
Fig. 8. In comparison to the correspondent analysis in
air, the TG curve shows in argon up to a temperature of
about 275 °C a similarly strong mass loss, which can be
attributed to the evaporation of the solvents. In the further
course of the TG curve in argon, no significant mass loss
Fig. 6 DSC and TG curves of the Ag nanopaste, analysis in air Fig. 7 DSC and TG curves with two runs
Fig. 8 Comparison of the DSC and TG curves in argon and air
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is observed, which results in a higher residual mass con-
tent for the analysis in argon, Fig. 8. In the temperature
range between 350 and 450 °C, the TG curves for air and
argon show a different progression. In the inert atmo-
sphere, there is no mass loss, suggesting that the degrada-
tion of the organic shell does not occur. This is proved by
the DSC curve in argon. Similar to the analysis in air,
although less pronounced, the DSC curve in argon pos-
sesses a small first exothermic peak at about 300 °C.
However, at the second exothermic peak for the DCS
course in air, no further reaction is observed in argon.
This leads to the conclusion, that the organic shell of the
particles is not removed when using the inert gas argon.
This is consistent with previous studies [14–17, 25, 29],
which show that oxygen is necessary for the decomposi-
tion of the organic shell (oxidation reaction).
3.3 Strength behavior
3.3.1 As a function of pressure
To achieve a dense microstructure, it is necessary to apply
pressure while joining. First investigations on the mechanical
properties were done to characterize the influence of joining
pressure on joining strength. Figure 9 shows the achievable
tensile shear strengths as a function of joining pressure at a
constant joining temperature of 300 °C, a holding time of
10 min and a paste application of 20 μm. It appears that the
joining pressure has an essential influence on the strength
behavior. A significant increase in strength from 5 up to
95 MPa is observed with increasing joining pressure from
20 to 80 MPa. The increase in strength is a result of a signif-
icant densification of the sintered structure caused by the in-
creasing pressure, Fig. 9.
Despite the joining temperature of 300 °C and subsequent
incipient oxidation of the copper surface, high-strength values
can be achieved. It is likely that the oxidation at the joining
surface is prevented due to the protective function of the paste.
3.3.2 As a function of temperature
The joining temperature influences the tensile shear strength
in a lesser extent compared to the joining pressure, Fig. 10.
The investigations were performed with a constant joining
pressure of 40 MPa, a holding time of 10 min and a paste
application of 20 μm. At a temperature of 250 °C, the strength
is still relatively low at around 41 MPa. For 300 °C, strength
increases up to 57 MPa and does not change significantly up
to 350 °C. Up to a temperature of 400 °C, it rises slightly to
64 MPa and decreases for higher temperatures, finally. The
increase in strength up to a temperature of 400 °C correlates
with the results of the DSC and TG investigations. At a tem-
perature of about 400 °C, the decomposition of the organic
shell and the sintering process are completed. With further
increase of the temperature, a decrease in strength is observed.
That is a result of the scaling of the copper surface, which can
be observed macroscopically.
3.3.3 As a function of holding time
Holding time has a significant influence on the strength be-
havior, Fig. 11. Joining was performed with a constant joining
pressure of 40 MPa, a temperature of 300 °C, and a paste
application of 20 μm. Up to a holding time of 30min, strength
increases up to a maximum of 77 MPa. But at the same time,
the standard deviation increases considerably. It might be rea-
sonably assumed that due to the longer holding time, an im-
proved adhesion respectively bonding to the base material is
achieved; however, this still needs to be confirmed by fracture
surface characterization.
Fig. 9 Tensile shear strength and porosity as a function of the joining
pressure (temperature 300 °C, holding time 10 min, paste application
20 μm)
Fig. 10 Tensile shear strength as a function of the joining temperature
(pressure 40 MPa, holding time 10 min, paste application 20 μm)
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3.3.4 As a function of heating rate
Furthermore, the influence of the heating rate on the strength
behavior was examined, because studies in the field of
sintering [30–32] found that the heating rate influences the
sintering progress. At a constant temperature of 300 °C, a
pressure of 40 MPa and a holding time of 10 min, three dif-
ferent heating rates (25, 150, and 500 K/min) were tested. The
diagram in Fig. 12 shows that the heating rate has no influence
on the achievable strength. Only at a heating rate of 500 K/
min, a slightly reduced strength is observed, but the marginal
deviation is in the range of standard deviations of the other
heating rates. However, it must be noted that the investigated
heating rates are relatively high due to the use of induction
heating. It cannot be excluded that slower heating rates, e.g.,
in furnace, have another influence.
3.3.5 As a function of paste application
At a temperature of 300 °C, for the joining pressures 5 and
40 MPa and a holding time of 10 min, the influence of the
thickness of paste application on the strength behavior was
investigated, Fig. 13. It is shown that the thickness of the paste
application has a significant influence on the achievable
strength. An optimum thickness of paste application of
20 μm was determined, which leads to the highest achievable
strengths. Thinner or thicker paste application results in lower
strengths, regardless of the pressure. For a thinner application
(10 μm), the surface roughness of the base materials cannot be
compensated. Non-adherent areas between joint and base ma-
terial are observed.With a thicker paste application, an incom-
plete sintering of the particles can be noticed, which results in
lower strength values.
3.3.6 As a function of surface pre-treatment
In joining processes, the surface treatment of the substrate
decisively influences the quality of the joints. Therefore, var-
ious surface pre-treatments were investigated at a temperature
of 300 °C, a pressure of 40MPa, and a holding time of 10min,
Fig. 14. While the tensile shear strength is almost the same
when using polished samples in comparison to ground sam-
ples, the strength slightly increases with blasted samples,
which is most likely caused by an improved adhesion due to
the larger surface of the blasted samples. The slightly in-
creased strength of PVD-Ag-coated samples can also be at-
tributed to an improved adhesion, which corresponds to pre-
vious studies [15, 33, 34]. The pickled samples show a more
pronounced increase of strength. Most likely, this is due to an
improved removal of the copper surface oxide, which leads to
an enhanced adhesion.
3.3.7 As a function of a pre-drying process
For the investigation of a pre-drying process, a temperature of
300 °C, a joining pressure of 40 MPa, and a holding time of
Fig. 13 Tensile shear strength depending on thickness of paste
application (temperature 300 °C, holding time 10 min, paste application
20 μm)
Fig. 12 Tensile shear strength as a function of the heating rate
(temperature 300 °C, pressure 40 MPa, holding time 10 min, paste
application 20 μm)
Fig. 11 Tensile shear strength as a function of the holding time
(temperature 300 °C, pressure 40 MPa, paste application 20 μm)
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10 min was used. The upstream drying process, 4 min at
100 °C, was carried out in order to analyze whether the
strength can be increased, if a certain amount of the organic
solvent is removed before the joining process and therefore
the porosity can be reduced in the joint. Figure 15, left part,
shows the resulting strengths. It appears that, with the use of a
high joining pressure of 40 MPa, the pre-drying process has
no significant influence on the achievable strength.
3.3.8 As a function of a subsequent heat treatment
In further experiments, the effect of a subsequent heat treat-
ment was investigated. Again, the samples were joined at a
temperature of 300 °C, a pressure of 40 MPa, and a holding
time of 10 min. After joining, the samples were heat-treated in
a muffle furnace at a temperature of 300 °C for 20 min in air
without pressure. This results in a total holding time of 30 min
at a temperature of 300 °C (Fig. 15b). This allows a direct
comparison with the previously outlined analyzed samples,
which were joined with a holding time of 30 min under pres-
sure (Fig. 15c). The aim of this study was to investigate
whether the pressure has to be applied for the entire holding
time, or if the increase in strength can be achieved by longer
holding times, even without the application of pressure.
However, Fig. 15, right part, shows that the subsequent heat
treatment does not influence the strength. The strength of the
heat-treated samples (b) is comparable to the strength of the
samples, which were joined with a holding time of only
10 min (a). An increase in strength as for the samples, which
were joined for 30min under pressure (c), cannot be observed.
However, it may be possible that higher temperatures and
longer holding times, as those are used in conventional heat
treat-treatment processes, lead to higher strengths also without
pressure.
3.3.9 Comparison with soldering and brazing
In Fig. 16, the strength values of samples with different
pressures, which exerted the greatest influence on the
strength properties, are compared to conventional sol-
dered and brazed samples. For soldering, SnCu3 was
used as filler metal and soldered at 300 °C for 10 min
without pressure. For brazing, an AgCu brazing filler
metal (72 wt% Ag, 28 wt% Cu) was used und brazed
at 780 °C for 10 min also without pressure. The results
clarify that the application of pressure is necessary to
produce high-quality joints. Without pressure, the
strengths are even lower than the strengths of soldered
joints. With increasing pressure, the strength increases
significantly and at high pressures, the strengths of con-
ventional brazed joints are exceeded. This demonstrates
Fig. 15 Influence of pre-drying and subsequent heat treatment on tensile
shear strength (temperature 300 °C, pressure 40 MPa, paste application
20 μm)
Fig. 16 Tensile shear strength of soldered and brazed joints in
comparison to samples joined with Ag nanopaste at different pressures
(temperature 300 °C, holding time 10 min)
Fig. 14 Tensile shear strength depending on the surface treatment
(temperature 300 °C, pressure 40 MPa, holding time 10 min, paste
application 20 μm)
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that joining with nanoparticles is also an alternative for brazing
processes. However, this requires the application of a high join-
ing pressure. Thus, in practical applications, the sample geom-
etry has to be adjusted to ensure the application of pressure.
4 Conclusions
The investigations prove that the nanopaste offers a great po-
tential for joining at low temperatures. The DSC analyses
showed that the organic shell of the nanoparticles decomposes
at temperatures of about 410 °C followed by a sintering pro-
cess. The sintered structure possesses the thermal properties of
bulk silver. The investigations of the strength behavior show,
that it is possible to produce joints even at lower temperatures
(of approximately 300 °C) with good strength properties and
high temperature stability.
The variation of the process parameters reveals that in par-
ticular, the joining pressure exerts an essential influence on the
achievable strengths. Also, temperature, holding time, and
thickness of paste application have a considerable effect on
strength behavior. In contrast, the pre-drying process, heating
rate, surface pre-treatment, and subsequent heat treatment ex-
hibit hardly any influence on joint strength.
With high pressures, the strength values of conventional
brazed joints can be improved. It can therefore be stated that
joining with nanoparticles is also a high interesting alternative
for brazing processes.
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